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ABSTRACT 

Flow behaviour and thermal separation mechanism on vortex tubes have been studied numer-
ically. Rapid expansion indicated by high-pressure gradient near the inlet and the exit ports 
contributes to energy separation on the parallel and the counter flow vortex tubes. It creates 
a cooling process at the core region and drives an internal and rotational energy transfer to 
the peripheral region, then increases the gas temperature at the periphery along with friction 
due to the presence of the confined wall. Static temperature is related to static pressure in 
such a way that low pressure leads to the low static temperature at the same region inside the 
vortex tube. On the other hand, the high total temperature is found in the region with the low 
dynamic velocity. For both vortex tubes, the flow fields are mainly governed by the tangential 
velocity at the periphery and by the axial velocity at the core region. The maximum Mach 
number values based on the maximum tangential velocities in the inlet area for the counter 
and the parallel flow vortex tubes are 0.689 and 0.726, respectively, so both are compressible 
and subsonic flows. For the same size of geometry and boundary conditions, the parallel flow 
vortex tube has higher COP than the counter flow vortex tube i.e. 0.26 and 0.25, respectively.
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INTRODUCTION 

A vortex tube is a thermal-mechanical device that splits 
an inlet compressed gas into two streams at the outlet with 
higher and lower temperatures than the inlet one. It has no 
moving parts, electrical and chemical processes involved 
which make its maintenance is free, simple operation and 

durable, furthermore allowed the use of vortex tube in 
many engineering applications. The thermal separation 
phenomena in the vortex tube werefirstly introduced by 
Ranque [1]. More detailed experimental work then carried 
out by Hilsch [2] to confirm this phenomenon and then it is 
well-known as Ranque-Hilsch Vortex Tube (RHVT).
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Since its invention, many works have been performing to 
explain a thermal separation mechanism on RHVT. Deissler 
and Perlmutter [3] analysed the flow and energy separation 
in a turbulent vortex. They stated that the thermal separa-
tion took place only if the fluid is compressible and  was 
influenced by the tangential velocity profile. The turbulent 
shear work done on the fluid element affected the total tem-
perature change significantly. The fluid in the core region 
offered shear work on the fluid in the outer region with a 
resultant total temperature separation. Linderstrim-Lang 
[4] performed experimental work to study gas separation in 
the Ranque-Hilsch Vortex tube. The sign of separation effect 
depended on hot flow fraction, ratio tube diameter to two 
orifices and inlet diameter to tube length. Takahama and 
Kawamura [5] investigated performance characteristics of 
energy separation in a stream-operated vortex tube experi-
mentally. The same energy separation performance with air 
was expressed as far as steam was in the superheated region 
at the nozzle outlet. When steam was in the wet region at the 
nozzle outlet, even though steam supplied wassuperheated, 
the performance considerably decreased due to the energy 
waste from moisture evaporation and there was no effective 
energy separation when the dryness fraction at the nozzle 
outlet was less than 0.98. Through analysis and experiment, 
Kurosaka [6] attempted to explain that the acoustic stream-
ing induced by orderly disturbances within the swirling flow 
is the main cause of the Ranque-Hilsch effect in whichen-
ergyis transferredfrom the cold-core to the hot peripheral 
region. Based on the experiment results, Ahlborn and 
Groves [7] showed the existence of a secondary circulation 
in the vortex tube which can be considered as the operating 
fluid in a classic thermodynamic refrigerant cycle.

By following the rapid development of computing tech-
nology, computational fluid dynamics (CFD) is undergo-
ing significant expansion and become a sophisticated and 
powerful analysis technique thatencompasses a wide range 
of fluid-thermal problems. Some recent works have utilized 
CFD modelling to study flow behaviour and energy sepa-
ration produced by vortextubes. Flohlingsdorf and Unger 
[8] performed numerical investigations of the compressible 
flow and the energy separation in Ranque–Hilsch vortex 
tube using CFX code with k-ε turbulent model. Farouk and 
Farouk [9] carried out large-eddy simulations of the flow 
field and temperature separation in the Ranque–Hilsch 
vortex tube.Simulations were conducted for different cold 
mass fractionsby changing the hot end pressure. The hot 
exit temperature separation was observed to increase with 
an increase in the cold mass fraction. Bahera et al. [10] 
have done numerical investigations on flow behaviour 
and energy separation in Ranque–Hilsch vortex tube. 
Investigations have been done on the variation of fluid 
properties and flow parameters as the fluid particles prog-
ress in the flow field by tracking different particles exiting 
through the hot and cold end. Baghdad et al. [11] con-
ducted a numerical study of energy separation in a vortex 

tube with different turbulence models, namely,  standard 
k-ε, k-ε, SST k-ω, and RSM models. Four cases with dif-
ferent inlet pressure have been considered. All the applied 
models were observed to be capable of predicting fairly well 
the general flow features.

Pouriya et al. [12] have investigated the thermal sep-
aration flow characteristic in a vortex tube using a three- 
equation turbulence model. They concluded that the energy 
separation, cold-end side temperature and rise in tempera-
ture in the peripheral region depend mainly on the ratio of 
cold and hot-end side mass flow rates, the inlet conditions 
and swirling flow with high order tangential velocity.

Hamdan et al. [13] performed experimental work to 
study energy separation inside vortextube for different tube 
designs. Different tube lengths, diameters, internal taper-
ing angles and, inlet pressure were parameters used in the 
experiment. A tapering angle smaller than 4° and higher 
inlet pressure created a greater temperature difference 
between the hot and cold end.

More recently, Guo et al. [14] have made a critical review 
of the flow structure studies of Ranque–Hilsch vortex tubes. 
Earlier methods  can only provide qualitative results until 
newer methods with quantitative results such as numerical 
methods have been reviewed. Although not very clear yet, 
several advances in information regarding the relationship 
between flow structure and energy separation have been 
achieved. Finally, they concluded that more elaborate and 
convincing experiments and modelling still need to be 
established to reveal the energy separation phenomena in 
a vortex tube.

Most of the studies regarding RHVT including the 
above-mentioned literature were focused on counter flow 
vortex tubes. There is limited information about the par-
allel flow vortex tube. There are three aims for this work. 
Firstly, this work intends to provide numerical simulations 
for both counter and parallel flow vortex tubes. Secondly, 
the flow field and thermal characteristics, as well as energy 
separation, are discussed. Thirdly, some similarities and 
differences between the two vortex tube models regarding 
flow structures and performances are underlined. 

THE GOVERNING EQUATIONS

3D flow inside the vortextube is defined as compressible 
and turbulent with a high rotating condition. Steady-state 
is assumed and the standard k-ε is applied for the turbu-
lent model. This turbulent model had been used by Bramo 
et al. [15] and Pourmahmoud et al. [16] and had a good 
agreement with the experimental data. Furthermore, the 
same model is used in this work, the governing equations 
are arranged by the conservation of mass, momentum and 
energy equations as follows,

 
�
�

�
x

u
j

j( )� 0  (1)



J Ther Eng, Vol. 7, No. 5, pp. 1090–1099, July, 20211092

 

�
�

� �
�
�

�
�
�

�
�

�
�

�
�

�
�

�

�
��

�

�
��

�

x
u u

p
x x

u
x

u
x

u
x

j
i j

i j

i

j

j

i
i j

k

k

( )�

� �
2
3��

�
�

�

�



�
�
�

� � �� 
x
u u

j
i j�

 (2)

 

�
��

�
�

�
�
�

�

�
�

�

�
� �

�
�

�
�

�
�

�
�
�

�

�
�

x
u h u u

x
k T

x
u

i
i j j

j
eff

j
i ij eff� �

1
2

( )
��

� �

,

Pr
k K

c
eff

p t

t

�
 (3)

The turbulence kinetic energy (k) and the rate of dissi-
pation (ε) are derived from the equations:
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The turbulent viscosity, µt, is defined by:
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Gk and Gb reveal the generation of turbulent kinetic 
energy due to the mean velocity gradient and buoyancy, 
respectively, while YM represents the contribution of the 
fluctuating dilation on compressible turbulence to the 
overall dissipation rate.σk and σε are the turbulent Prandtl 
numbers (Pr) of k and ε, respectively. Cµ, C1ε and, C2ε are 
constants. Our study does not focus on variations in the 
value of these constants to their effects on simulation 
results. The model constants C1ε, C2ε, Cμ, σk and σε have the 
following default values in Ansys-fluent i.e. C1ε = 1.44, C2ε = 
1.92, Cμ = 0.09, σk = 1.0, and σε = 1.3.

The energy conservation condition related to the total 
temperature inside a vortex tube is defined by

 T v r
c

const
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where T is the total or stagnation temperature of the rotating 
gas at the radial position while v, ω and cp are the absolute 

gas velocity as observed from the stationary frame of ref-
erence, the angular velocity of the system and the isobaric 
heat capacity of the gas, respectively.

Model Description
The two models are described in Figure 1.  The diameter 

of the vortex tube is 1 cm with aworking length of 10 cm. 
The diameter and length of the cold port are 0.3 cm and 
0.5 cm, respectively. The hot exit is an annulus with an area 
of 0.14815 cm2. There are four square inlet ports. Each inlet 
port has an area of 0.2 × 0.2 cm2. Air is chosen as working 
fluid with the inlet pressure 5 bar while the atmospheric 
condition is used at the exit.

Numerical Validation
This article is purely a numerical method and the cho-

sen model has no resemblance to any experimental model 
in previous studies. The numerical method used in this 
work is validated with the experimental and numerical 
works of [17]. The validated model is shown in Figure 2  
and the static gauge pressure at the outlet is shown in 
Figure 3.

Figure 1.The models for the counter-flow (upper) and the 
parallel-flow (lower) vortex tubes.

Figure 2. Validated model.

https://en.wikipedia.org/wiki/Stagnation_temperature


J Ther Eng, Vol. 7, No. 5, pp. 1090–1099, July, 2021 1093

From Figure 3 it appears that the 2D CFD model got 
over-prediction results compared to the experimen-
tal results, whereas the present 3D model has under- 
predictions than the experiments. Qualitatively there is an 
agreement between the results of the CFD model with the 
experiments.

For our works, the chosen model of the parallel-flow 
vortex tube is the same as the previous study [18] and it has 
a grid independence study with a 500,335 grid numbers. 
Then we use the same dimensions and number of grids for 
the counter-flow vortex tube (Figure 1).

From Figure 3 it appears that the 2D CFD model got 
over-prediction results compared to the experimental 
results, whereas the present 3D model has under-pre-
dictions than the experiments. Qualitatively there is an 
agreement between the results of the CFD model with the 
experiments.

For our works, the chosen model of the parallel-flow 
vortex tube is the same as the previous study [18] and it has 
a grid independence study with 500,335 grid number. Then 
we use the same dimensions and number of grids for the 
counter-flow vortex tube (Figure 1).

RESULTS AND DISCUSSION 

The flow field inside the vortex tube is mainly governed 
by tangential, angular and axial velocities. Figures 4, 5 and 

Figure 3. The hot and cold exit static pressure as a function 
of the cold fraction.

Figure 4. Tangential velocity profile,the counter flow (left) the parallel flow (right).

Figure 5. Angular velocity for the counter (left) and the parallel (right) flow vortex tube.
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6 show these velocity components. The tangential velocity 
profile along z (axial) direction is identic for counter flow 
and parallel flow vortex tubes. The tangential/swirl velocity 
has the maximum magnitude near the nozzle inlet as the 
result of a tangential injection of air. The highest tangen-
tial velocities are found at positions r = 0.004 mm and z = 
0.001 m in both counter and parallel flow with values of 
229 ms–1 and 240 ms–1 respectively. Based on the velocities 
and temperature data, the maximum Mach number values 
for the counter and parallel flow vortex tubes are 0.689 and 
0.726, respectively. Both are compressible flow but still in 
the subsonic flow regime. This tangential velocity decreases 
as the fluid progress along the axial direction and the mini-
mum magnitude is found near the hot gas exit (z = 0.09 m). 
Different from the inlet, in this exit area, the maximum tan-
gential velocity is found at r = 0.0045 m which is equal to 59 
ms–1 for counter flow and  86 ms–1 for parallel flow.

Tangential velocity is related to the distance r from the 
axis of rotation. The swirl flow at the core region is known 
as forced vortex flow while the peripheral one is defined as 
free vortex flow as shown in Figure 4. However, a forced 
vortex in the core near the inlet is found to be the dom-
inating flow structure in the tube. The tangential velocity 
magnitude is observed to be minimum and even negligible 
near the tube axis and it increases in the radial direction. 
The velocity magnitude then decreases after reaching the 
boundary layer region near the tube wall and finally has 
the same zero value with the velocity at the core due to the 
non-slip condition on the wall. Even though the tangential 
velocity is low at the core region due to its small radius, the 
angular velocity is found to be higher than the peripheral as 
shown in Figure 5.

Differ from the tangential velocity, the axial velocity has 
the highest magnitude at the axis and it is more dominant 
at the core region than the periphery as shown in Figure 6a. 
The existence of positive and negative axial velocities shows 
that air moves to the hot and cold exits at the peripheral 

and core regions, respectively. This velocity decreases when 
the stream traveling towards a hot exit. The main difference 
between the counter and parallel flow vortex tube is the 
axial velocity near the hot exit. For the parallel flow vortex 
tube, the blockage effect due to a narrow hot exit decelerates 
the axial velocity at the periphery and deflects some frac-
tion of air flowing towards the cold exit in such a way that 
the axial velocity at the core (cold exit) has a positive value 
as shown in Figure 6b for z = 0.009 m. The streamlines plot 
in Figure 7 has confirmed this condition.

Air expansion occurs in radial and axial directions. 
This rapid expansion contributes to energy separation in 
the vortex tube. High static pressure gradients in radial and 
axial directions are found at the cross-sectional areas near 
inlet ports (z = 0.001 m to z = 0.02 m) as shown in Figure 8. 

Figure 7. The inner (cold) and the outer (hot) flows.

Figure 6. Axial velocity profile for a. the counter (left) and b. the parallel (right) flow vortex tube.
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The pressure gradient in the axial direction for counter flow 
is observed to be higher than parallel flow, especially at 
the axis near the inlet port. This pressure gradient is found 
higher in the radial direction than the axial direction. For 
both vortex tubes, a weakening pressure gradient occurs 
in the direction offlow. Low static pressure at the core 
region increases sharply at the beginning then this pressure 
increase is slowed when air flows toward the exit. On the 
other hand, for the periphery, high static pressure near the 
inlet decreases as air moves toward the exit.

The dynamic pressures for both vortex tubes are plotted 
in Figure 9. It can be observed that the highest dynamic 
pressure at any section in the axial direction is found at the 

boundary between the core and peripheral regions. This 
dynamics pressure is contributed by tangential velocity 
(Figure 4) and axial velocity (Figure 6). The high dynamic 
velocity at the peripheral region is caused by the high tan-
gential velocity while the dynamic velocity at the core is 
mostly contributed by the axial velocity. The total pressure 
plot in Figure 10 reveals the energy contained by fluid. It has 
a similar model tothe static pressure plot in Figure 8. The 
high pressure at inlet flow separates to become the lower 
pressure at hot and cold exits.

The high-pressure gradient indicates the high energy 
separation and it can be found near the cold exit. This 
energy separation diminishes toward the hot exit when 

Figure 8. Streamlines and static pressure field for the counter (left-upper) and the parallel (right-lower) vortex flow.

Figure 9. Dynamics pressure for the counter (left) and the parallel (right) flow vortex tubes.



J Ther Eng, Vol. 7, No. 5, pp. 1090–1099, July, 20211096

the radial pressure gradient approaches zero. The static 
pressure at the exit is related to the static temperature. It 
is observed that the low static temperature is found in the 
flow field with low static pressure as shown in Figure 11. 
The temperature gradients are high in the peripheral and 
low in the core region. We notify that the static temperature 
is the measured temperature indicated by a device. On the 
other hand, the total temperature is related to the dynamic 
pressure or velocity. The low total temperature is resulted 
fromhigh dynamic velocity in the flow field. The high tan-
gential and axial velocities near the inlet as indicated in 
Figure 4 and 6 (z = 0.001m) cause the low total temperature 
in that region (Figure 12). As the flow progress in the axial 
direction, the velocities decrease and convert to increase 
the total temperature.

Temperature separation inside a vortex tube can be 
explained by equation 7 [19]. The equation shows that the 

gas is getting colder towards the centre of rotation and vice 
versa. The resulting cooling at the centre of rotation is due 
to the adiabatic expansion of the gas as well as the conser-
vation of angular momentum. The high angular velocity 
(Figure 5) demands a transfer of internal and rotational 
energy to the outer layer of the rotating gas. Since the vortex 
is confined by the wall, the gas temperature at the periph-
ery increases due to friction and radial momentum transfer 
from the core region.

To compare these two vortex tubes, we present some 
parameters in Table 1. The energy separation in the vor-
tex tube creates a cooling capacity, the coefficient of per-
formance (COP) can then be calculated based on the ratio 
of the cooling capacity to the compression work. COP for 
the counter-flow and parallel flow vortex tubes are 0.25 
and 0.26, respectively. This different COP is resulted from-
different cooling capacities. The counter flow has a lower 

Figure 10. Total pressure plot for the counter (left) and the parallel (right) flow vortex tube.

Figure 11. Static temperature plot for the counter (left) and the parallel (right) flow vortex tube.
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cold temperature at the exit than the parallel flow however 
the parallel flow has a higher cooling capacity due to the 
higher cold mass flow rate (cold mass fraction) than the 
counter-flow. 

CONCLUSION 

Simulations to study flow behaviour and thermal sepa-
ration mechanism on vortex tubes have been conducted. An 
adiabatic rapid expansion of the gas as well as conservation 
of angular momentum create a cooling process at the core 
region and drive an internal and rotational energy transfer 
to the peripheral region, then increase the gas temperature 
at the periphery along with friction due to the presence of 
the confined wall. The static pressure and the total pressure 
have a similar modes for each vortex tube. The static pres-
sure at cold and hot exits is related to the static temperature 
while the total pressure associated with the sum of static 
pressure to dynamic pressure.  The flow field is mainly gov-
erned by the tangential velocity at the peripheral region and 
by axial velocity as well as high order angular velocity at the 
core region 

The maximum Mach number values in the inlet area for 
counter and parallel flow vortex tubes are 0.689 and 0.726, 
respectively, so both are compressible and subsonic flows. 

For the same size of geometry and boundary conditions, the 
parallel flow vortex tube has higher COP than the counter 
flow vortex tube i.e. 0.26 and 0.25, respectively.

NOMENCLATURE 

Cp Specific heat, kJ / kg K
COP Coefficient of performance
k Turbulence kinetic energy, m2/s2

K Thermal conductivity,W/mK
M Mach number
P Pressure, N/m2

R Radial direction
T Temperature, K
u´  Fluctuating component of velocity, m/s
V Velocity, m/s
z axial direction

Greek symbols
ε  Turbulence dissipation rate, m2/s3

θ Tangential direction
ρ Density of a fluid,
ω Angular velocity, 1/s
σ Stress, N/m2

Figure 12. Total temperature plot for the counter (left) and the parallel (right) flow vortex tube.

Table 1. The boundary conditions and the performance parameters

Vortex tube Inlet pressure  
Pin

Outlet pressure  
Pout

Cold temperature  
Tcold

Cold mass flow  
rate ṁc

COP Mach number,   
M

Counter flow 5 bar 1 bar 247.1 K 0.0042 
kg
s

0.25 0.689

Parallel flow 5 bar 1 bar 251.9 K 0.00487 
kg
s

0.26 0.726
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μ´ Dynamic viscosity, kg/m s
μt´ Turbulent viscosity, kg/m s
τ´ Shear stress, N/m2

τij Stress tensor components
Subscripts 
in Refers to inlet
out Refers to outlet
c Refers to cold fluid
h Refers to hot fluid
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